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ABSTRACT 
 A variety of agricultural solutions are being tested to address the recent concern of rising rates of CO2 emissions, one of which is to engineer crops to increase their ability to store atmospheric carbon in soil. By targeting cell wall constituents of crop tissues with longer half‐lives, such as lignin, the rate at which fixed CO2 in soil organic matter returns to the atmosphere becomes slowed. Maize is an attractive model organism for this approach, as it is grown worldwide, and has one of the most extensively catalogued plant genomes to date. The objective of this thesis is to provide a better understanding of the regulation of lignin composition and content i.e., genetic components that affect carbon storage in this model organism. This was approached by attempting to clone one of the brown midrib mutants of the phenylpropanoid pathway in maize, bm4. The objective was addressed by a fine‐mapping approach, which helped to narrow the region of interest to a smaller interval suitable for cloning attempt. Identification and analysis of recombinants from 2 mapping populations segregating for brown midrib4 and wild‐type alleles revealed an interval of 126,786 bp, encompassing 8 candidate genes. mRNA Seq transcriptome analyses of wild‐type and mutant midrib tissues revealed transcript accumulation of > 40 reads for 4/8 genes within the interval. Further analysis revealed three of these four genes exhibit significant differential transcript accumulation between wild‐type and mutant samples, with the greatest fold changes (1.92x) reported for a gene encoding the enzyme Folylpolyglutamate Synthetase (GRMZM2G393334). Transposon tagging was used to identify additional 
bm4 mutants. Cytological sections of midribs were stained and compared to explore subtle differences in mutants of different pedigrees. The continued characterization of 
bm4 in combination with other efforts to clone the genes underlying the brown midrib mutants will facilitate the understanding of their roles and functions in cell‐wall composition, the biosynthesis of lignin, and potential for use in enhancing the carbon storage capabilities of maize tissues.
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CHAPTER 1.   GENERAL INTRODUCTION 
 THESIS ORGANIZATION This thesis consists of six chapters with literature cited for each chapter and three additional appendices.  Chapter 1 describes the organization of the thesis, provides the rationale behind the experiments done and describes the contributions of the author and colleagues. Chapters 2 and 3 consist of literature reviews on previous research and a brief introduction on some of the techniques used within this research. The remaining 3 chapters are dedicated to describing the specifics of the materials and methods used, a summary of the results, and discussions and conclusions reached by the author, as well as insights into future work for this project.  All figures, tables, and supplemental materials have been included in separate appendices, listed at the end of the chapters.   RATIONALE Global climate change threatens the productivity and sustainability of agricultural systems. The productivity of agriculture rests not only on stable weather patterns but also on soil fertility. Here in the Midwest, the soil‐scape is fertile due to an abundance of soil organic matter (SOM); a product of thousands of years of perennial prairie grass reductions cumulatively creating a layer of topsoil that serves as a reservoir rich in water and nutrients.  From the beginning of agriculture the organic matter concentrations of soils have been decreasing (Matson et al., 1997). Agricultural practices like tillage introduce oxygen into the soil, which stimulates microbial growth, thereby speeding the decay of organic matter. The widespread and intensive production, cultivation, and subsequent harvest 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of crop biomass for biofuels production poses an even greater threat to the maintenance of topsoil fertility, negatively altering subsoil dynamics by not allowing for the replenishment of SOM (Andrews, 2006). Reported estimates show losses of (~30‐50%) original soil organic carbon (SOC) from soils that had previously been uncultivated (Kucharik et al., 2001). Although no‐till conservation practices help to prevent topsoil erosion and allow for the replenishment of SOM in agro‐ecosystems (Andrews, 2006; West & Post, 2002), it is however, not a requirement that farmers implement these regimes. Consequently, there remains a deficit in SOC within annually disrupted topsoil, and a still begging need for ways in which agriculture can be used to help offset rising atmospheric CO2 levels. An alternate approach to mitigating the damage to our atmosphere and soil‐scape caused by CO2 emissions and tillage practices, respectively, lies in finding ways to re‐engineer and enhance the carbon storage capabilities of lignocellulosic crops like maize; specifically in root tissues and basal portions of above‐ground biomass that remain after harvest.  The primary focus of this research is to characterize and identify alleles thought to be responsible for the composition of biomass constituents, specifically with interest to those constituents with long half‐lives in the soil. By doing so, it is possible not only to gain a better working knowledge of pathways responsible for biomass composition (Ralph et al., 2004), but as to which specific genes in these pathways present most ideal targets.  The long‐term goal encompassing this focus is ultimately to slow the rate at which carbon atoms are released from biomass by using tissue‐specific promoters for the identified genes, altering the composition of tissues in plants to an extent which could facilitate an increase in the current equilibrium level of SOM, thus helping to maintain soil fertility and aiding in the mitigation of global climate change. 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CONTRIBUTIONS The authors contributions to the project included marker interval identification; syntenic alignments of markers between maps; testing PCR and KASPar markers across the interval for use in genotyping; phenotyping of both mapping populations; tissue collection, planting, pollination, harvesting, and genotyping with help from lab assistants; qRT‐PCR sample prep: RNA isolation, reverse transcription, DNA/RNA cleanup and analyses were done in cooperation with colleague Ms. Marianne Smith who also helped teach me to section and take images of midribs. Ms. Marianne Smith also performed all staining of the midrib sections and took gel photos of the cDNA products.  Other contributions made by the author include mRNA sample preparations, post mRNA Seq analysis data investigations and literature reviews. Dr. Wei Wu and Dr. Yan Fu conducted primer and marker assay designs and assisted me in learning experimental design and troubleshooting. Ms. Mitzi Wilkening designed the primers for the amplicons spanning the candidate gene GRMZM2G092718 as well as PCR testing of some of the bm4 accessions using these primers. Dr. Sanzhen Liu performed mRNA Seq data processing and analysis, including evaluation of differential gene expression and integration of the JBrowse software to facilitate post analysis data investigations. I was also responsible for mRNA Seq read comparisons using the DNAnexus software and generation of all figures and tables. Mu‐tagging testcrosses were generated and harvested by Schnable Lab Field Manager, Ms. Lisa Coffey.  LITERATURE CITED Andrew, S.S. (2006) Crop Residue Removal for Biomass Energy Production: Effects on Soils and Recommendations. U.S. Department of Agriculture, Natural Resource Conservation Service, (http://soils.usda.gov/sqi/management/files/AgForum_Residue_White_Paper.pdf/) (Accessed 16 October 2010). Kucharik, C.J., Brye, K.R., Norman, J.M., Foley, J.A., Gower, S.T., Bundy, L.G. (2001) 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Measurements and modeling of carbon and nitrogen cycling in agroecosystems of southern Wisconsin: potential for SOC sequestration during the next 50 years. Ecosystems 4: 237–258. Matson, P.A., Parton, J.L., et al. (1997) Agricultural intensification and 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properties. 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277(5325): 504‐509. Ralph, J., Guillaumie, S., Grabber, J.H., Lapierre, C., Barrière, Y. (2004) Genetic and  molecular basis of grass cell‐wall biosynthesis and degradability. III. Towards a forage grass ideotype. Comptes Rendus Biologies 327: 467–479. West, T.O. and Post, W.M. (2002) Soil organic carbon sequestration rates by tillage and crop  rotation:  A  global  data  analysis.  Soil  Science  Society  of  America  Journal 66(6): 1930‐1946. 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CHAPTER 2.  LITERATURE REVIEW 
 
2.1  Cell Wall Constituents, Synthesis, and the brown midrib Mutants  
Cell Wall Composition  Cell walls comprise the majority of a plant’s biomass. In the primary cell walls of grasses like maize, parenchyma cells alone are estimated to contribute up to 70% by volume of the plants total biomass (Chum et al., 1985). There are multiple compounds within maize cell walls to consider as targets for carbon storage, with various levels of complexity and hence, degradability.  For cell walls, specifically those of monocots, carbon storage units consist ~90% of polysaccharides & ~10% of glycoproteins with the most abundant polysaccharides being: celluloses (~20‐30%), followed by hemicelluloses (20‐25%), consisting of branching chains of glucuronoarabinoxylans (GAXs), alpha‐arabinoses and beta‐glucans. Other cell wall components include lignin (17‐20%), phenolic acids (ferulic and p‐coumaric acid), lipids, and pectins (Brunow 1998, McNeil, 1984, Smith & Harris, 1998; Vermerris et al., 2010).  
Lignin Lignin is a complex polymer found within the secondary cell walls of plants. It provides structural support in aerial tissues and serves as a barrier to protect plant cells from insects and pathogens. Because lignin is hydrophobic, it also helps to sequester water to facilitate its movement throughout the plant (Grabber et al., 2004; Marita et al., 2003). The lignin polymer is composed of multiple monolignol subunits: p‐coumaryl, coniferyl, and sinapyl alcohols. Lignin subunits are heavily cross‐linked in cell wall tissues by carbon‐carbon (C‐C) bonds and interconnected to cellulose and hemicellulose molecules by ester and ether linkages formed by incorporation of phenolic acids.  There are two current models for the biosynthesis of lignin (Grabber et al., 2004). 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Both begin at the surface of the cell wall through a series of coupled redox reactions involving malate dehydrogenases and peroxidases, which lead to the production of hydrogen peroxide within the cell wall and also to the influx of glycosylated monolignols through the cell membrane. Once formed in the cell wall, hydrogen peroxide molecules aid in the oxidation of the hydroxy cinnamyl alcohols in cooperation with enzyme peroxidases to form reactive monolignol radicals. These aromatic structures, products of the phenylpropanoid pathway, are then added to the growing polymer  (Andersen et al., 2008; Hatfield & Vermerris, 2001; Tipton & Thowsen, 1985; Weng et al., 2008). The two models differ at the polymer‐extension stage in that one proposes a near‐random coupling of the monolignonols, whereas the other suggests that the formation of the lignin polymer is achieved by specialized proteins that mediate regio‐ and sterio‐specific bonds between coupling monolignol radicals (Hatfield & Vermerris, 2001; Gross et al., 1977). Lignin subunit composition and their linkages can vary across species, within the same species, and even within the same plant amongst its different tissues, indicating that lignin may provide location‐dependent functions (Grabber et al., 2004; Vermerris et al., 2010).  Lignins are of particular interest when considering maximizing the carbon sequestration potential of maize stover, because unlike the polysaccharide portions of the cell wall, lignin fractions are not readily degradable (Martin et al., 1980; Rasse et al., 2006).  
The brown midrib Mutants of Maize 
Brown midrib (bm) mutations that reduce lignin content and composition within cell wall have been identified in sorghum, maize, and pearl millet (Barnes, 1971; Sattler et 
al., 2010; Vermerris et al., 2010). Efforts are underway to clone the relevant genes to enhance our understanding of the C4 phenylpropanoid pathway. The brown midrib 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mutants of maize have a characteristic phenotype: a reddish‐brown midrib, which can be easily visualized in contrast with their green leaf sheaths (Burnham, 1947; Guillaumie et al., 2007; Vermerris et al., 2010). Plants homozygous for brown midrib mutations exhibit decreased resistance to stalk‐lodging, increased digestibility, and increased insect susceptibility (Barnes et al., 1971; Barriere et al., 2003; Campbell & Sederoff, 1996; Dowd, 1994), all of which are secondary attributes due at least in part to their lowered lignin concentrations and/or altered lignin composition (Pedersen et 
al., 2005).   The increased digestibility of these mutants (Barriere et al., 2003) makes them attractive genotypes for lignocellulosic biofuels production, due mainly to an improvement in the accessibility of carbohydrates for enzymatic degradation (Hisano et 
al., 2009). Hybrids that carry the bm3 mutation are used as forage crops because it is associated with a decreased percentage of lignin and an enhanced NDF (neutral detergent fiber) digestibility, and is thus more readily digestible by cattle (Oba & Allen, 1999).  On the other hand, hybrids that carry brown midrib mutations also exhibit undesirable phenotypes such as decreased grain yield, stalk strength and biomass yield (Cox & Cherney, 2001; Pedersen et al., 2005; Zuber et al., 1977).   Although six brown midrib (bm1­6) mutants have been identified in maize, only two, 
bm1 and bm3, have been cloned (Halpin et al., 1998; Vignols et al., 1995). bm1 was found to be a mutation affecting the cinnamyl alcohol dehydrogenase (CAD) gene of the phenylpropanoid pathway, whose product is an enzyme responsible for the production of monolignols from cinnamic acid pathway intermediates (Halpin et al., 1998). bm3 encodes Caffeic Acid O‐Methyltransferase (COMT) which is also a member of the phenylpropanoid pathway and functions to methylate respective pathway intermediates to produce cinnamic acid derivatives (Vignols et al., 1995).  The genes associated with bm2 and bm4 ­ bm6 mutants have not yet been identified (Ali et al., 2010, Guillaumie et al., 2007, Vermerris et al., 2010). However, given their phenotypes, these genes likely also affect the phenylpropanoid pathway (like bm1 and bm3) (Andersen et al., 2008, Vermerris et al., 2010). 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Bm4   The brown midrib4 mutation, or bm4, genetically maps to chromosome 9, bin(s) 9.07/9.08 of the maize genome (MaizeGDB, Lawrence et al., 2008). This mutant was first characterized ~60 years ago, (Burnham, 1947) has not yet been cloned (Andersen 
et al., 2008; Vermerris et al., 2010). This mutant has a phenotype quite similar in appearance to that of other brown midrib maize alleles, displaying a reddish‐brown pigmentation on the midribs of the leaf sheaths. Unlike bm2, which exhibits the brown midrib phenotype on both sides of its leaves, bm4 midribs characteristic pigmentation is visible only on the abaxial surface of leaves.  Even though the causative gene underlying this phenotype is not known, the compositional changes that occur as a result of the mutation of bm4 have been well characterized (Barriere et al., 2004; Kuc et al., 1968; Marita et al., 2003; Ostrander et al., 1999; Vermerris et al., 2010). Reported decreases in Klason lignin content in bm4 mutants as compared to wild‐type controls range from 8‐15% (Barriere et al., 2004; Marita et al., 2003; Vermerris et al., 2010).  Reported values of p‐coumarate and ferulate levels of bm4 mutants vary widely, (Barriere et al., 2004; Kuc et al., 1968; Marita et al., 2003; Vermerris et al., 2010). Similarly, a wide range of accumulation of cinnamic derivatives have been reported and this is likely due to the evaluation of the mutation in different genetic backgrounds (Marita et al., 2003).  The cellulosic and hemicellulosic polysaccharide content of bm4 tissue has been evaluated as well. No significant changes (in comparison to the wild‐type in the study) were observed for cellulose (Marita et al., 2003; Vermerris et al., 2010) but GC‐MS detected polysaccharides increased (0.25‐0.64%) as compared to wild‐type values (Vermerris et al., 2010). According to Vermerris and colleagues (2010), SEM images of cell wall vascular structure within midribs show a 1.8x average increase in thickness of the sclerenchyma 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cell tissues and in xylem vessel surfaces in bm4 mutants as compared to wild‐type sections (Vermerris et al., 2010). Compositional studies such as those above have furthered our knowledge of the variations in cell wall constituents introduced by the bm4 mutation(s). Cloning of the remaining brown midrib mutants (bm2, and bm4­bm6) should increase our ability to understand how genes in the phenylpropanoid pathway contribute to cell wall content and composition, carbon metabolism, and biomass output.   
 2.2  Introduction to Techniques Used in this Research  
Next Generation Sequencing Next generation sequencing, a breakthrough in sequencing technology, was first introduced by Roche & 454 Life Sciences in 2005 (Margulies et al., 2005). With its release, the scientific community was offered a sequencing platform that could provide previously unattainable amounts of throughput and data as compared to Sanger and capillary/gel‐based electrophoresis sequencing methods for a substantial reduced cost per read, generation time, and complexity. This was achieved by a system capable of parallel sequencing in combination with its oil‐emulsion bead technology, originally allowing for generation of more than 25‐million bases per single run (Margulies et al., 2005; Patrick, 2007). Since its initial release, next‐generation sequencing technology has improved on its short‐comings (Rogers & Venter, 2005) by being able to provide longer length reads (Schuster, 2008) as well as the generation of an even larger number of reads per run (Illumina Sequencing Technology, http://www.Illumina.com).  The recent availability of other commercial next‐generation sequencing systems offers users reduced costs. However, a reduction in sequencing error rate is still required (Schuster, 2008). 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mRNA Sequencing Transcriptome profiling has recently been made available by employing next‐ generation sequencing technology. Using this technology, mRNA samples are firstly isolated from total RNA using poly‐A selection, followed by fractionation and reverse transcription to cDNAs, which are ligated with adapters. The adapters at the ends of the cDNA fragments attach to millions of pico‐size scaled beads, which themselves are located in a fiber‐optic slide. The fiber‐optic slide is then exposed to reagents in a flow chamber. As individual cDNA fragments are being synthesized, each addition of nucleotides releases photons detected simultaneously by fiber‐optic imaging sensors, resulting in the in­vitro synthesis of hundreds of thousands of sequence reads (Margulies et al., 2005). Previously available methods for expression analysis, including DNA microarrays and hybridization‐based approaches, limit transcriptome profiling in that these technologies are limited to prior knowledge of sequence as well as annotation of the genome in question and thus fail to provide quantification and discovery of novel transcriptional regions. The application of RNA Seq in comparison to previous cDNA or EST sequencing tiling microarrays offers another advantage in that it can quantify a much broader range of gene expression levels due to the exponentially larger number of sequences obtained from this technology, leaving no upper boundaries for transcript level quantification (Mardis, 2008; Wang et al., 2009).    With the help of bioinformatics, new pipelines for processing next generation data such as whole or partial transcriptomes are being developed and should greatly help in the visual interpretation of datasets as well as in help to provide technical solutions to some of the challenges still faced by this technology: storage of large amounts of data, mapping of sequence reads that span splice junctions, and mapping reads that have multiple alignments (Wang et al., 2009). Due to the sequencing depth, low background noise, and single base resolution offered by its application, mRNA Seq transcriptome profiling will surely prove a useful tool in 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distinguishing allelic expression and help to provide clues as to which genetic factors underlie transcriptome differences in candidate gene studies.   
MAGIC Mutant Assisted Gene Identification and Characterization, or MAGIC is a means of exploiting natural variation present in diverse germplasm to aid in the discovery of new alleles (Johal et al., 2008). This method is useful for identifying alternate alleles primarily of Mendelian recessive mutants that can be easily phenotyped, and provides an alternative to mutagenesis.    A mutant of interest is crossed to genetically diverse germplasm. After self‐pollinating the F1 generation, F2 populations can be phenotyped for any segregating allelic non‐complements. As phenotypes of F2 non‐complements may vary with dosage dependency or due to epistatic effects of background genetic factors, subsequent F2 crosses should also be made with the mutant of interest in a BC1, or more uniform genetic background and phenotypically evaluated.   
Transposable Elements Transposons possess the ability to move, i.e., transpose, to other genomic positions, potentially disrupting gene function at their insertion site. Because of their ability to disrupt gene function, these elements can be useful in genetic studies (Gierl et al., 1989). Transposable elements have been found in a variety of organisms; they are however, most extensively cataloged in maize, through the work of early geneticists such as: Emerson, Rhoades, and McClintock amongst others (reviewed by Fedoroff et al., 1983).  The Ac/Ds transposon system of maize is comprised of two elements: the Activator (Ac), and Dissociation, (Ds) elements, both discovered and characterized in McClintock’s early 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work studying chromosome breakage (McClintock, 1949; reviewed by Fedoroff et al., 1984). The Ac element is generally characterized by its 4.6 Kb sequence fragment, flanked at both ends by 11‐bp terminal inverted repeats. The presence of the Ac element is a requirement for this system to induce the transposition of another element capable of movement (Ds) (Gierl et al., 1989; Fedoroff et al., 1983; Zhang et al., 2009). Once Ac/Ds has been excised from its original genomic position, it is free to insert itself at different locations within the genome, but it exhibits a strong preference for transposition to genetically linked sites (Dooner & Belachew, 1989; Greenblatt, 1984; reviewed by Kolkman et al., 2005). The location at which Ds inserts determines its genetic effect. This excision and insertion of transposons can result in major chromosome rearrangements such as pericentric inversions, duplications, acentric fragments, generation of new alleles, and reciprocal translocations (Fedoroff et al., 1989; Peterson, 1990; Zhang et al., 2009). The Ac/Ds transposon system’s preference for transposition to linked sites makes it a particularly attractive way to induce chromosomal rearrangements and mutations in genomes like maize, as multiple insertion sites have been mapped throughout the genome (Kolkman et al., 2005; Vollbrecht et al., 2010) and the inheritance of the Ac element can easily be tracked as it confers visual phenotypes on kernels (Zhang et al., 2009). Another major transposon system in maize is the Mutator family. The Mutator family is comprised of 12 subfamilies (Liu et al., 2009), each being defined by a specific terminal inverted repeat, ranging from 185‐359bp in length (Bennetzen & Springer, 1994). This family of transposable elements has 2 main advantages over the Ac/Ds system in that: 1) it is the most active transposon (Lisch, 2002), transposing at rates 50‐100 times greater than Ac/Ds (Walbot, 2000); 2) unlike Ac/Ds, (Greenblatt, 1984; Dooner & Belachew, 1989), Mutator elements exhibit weak preference for target insertion sequence (Cresse et al., 1995) with transposase binding at sites non‐uniformly 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distributed across the genome (Liu et al., 2009) making Mu an attractive option for inducing mutations in genomic studies. With a recent plethora of technological advances in sequencing and bioinformatics, the new century offers geneticists an assortment of tools for sequencing, mining, and analyzing genetic sequences. These new technologies, in combination with well‐developed transposon systems for mutagenesis, provide the necessary means to help further characterize, map, and understand recessive mutant reference alleles, like 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CHAPTER 3.  MATERIALS AND METHODS  
3.1  Fine­Mapping of the bm4 Allele 
Genetic Stocks The mapping population used in this experiment was derived from a cross of a 
bm4/bm4 plant as pollen source (Schnable Lab Ac#3251) on a B73 plant as female (Schnable Lab Ac#660). Progeny from this F1 were selfed to generate the F2 mapping populations, used in both the fine mapping process as well as the mRNA Seq analysis.  Testcrosses used in Ac/Ds tagging of Bm4 were generated as per the forward genetics approach described by Ahern and colleagues (Ahern et al., 2009) using separate W22 derived lines containing Ds and Ac elements (PlantGDB, Duvick et al., 2008). Testcrosses for Mu‐tagging were generated using previously generated F1s of (Q60 & B70 x Mutator) as females by various bm4 homozygous NILs that were originally obtained from the Maize Genetics COOP Stock Center (Schnable Lab Ac#s: 3251‐53).   
bm4 accessions used in allelism tests were obtained from the Maize Genetics COOP Stock Center. Within this text, they are referred to by their Schnable Lab accession numbers. A table is provided listing COOP IDs for each of the Schnable Lab accessions (Table 5). NAM RILs used to generate MAGIC testcrosses were also obtained from the Maize Genetics COOP Stock Center. The homozygous bm4 stock used in these crosses (Schnable Lab Ac#3251) was the same as used in creating the mapping population.  
Phenotypic Scoring and DNA Isolation of Mapping Population Planting 1 A mapping population of 2,508 plants was planted in 2009 in a field in Ames, Iowa. Kernels were planted in 209 rows of 12 kernels and allowed to grow for 36 days, after which tissue samples from leaves were collected from each of the plants showing the 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bm phenotype. Of all plants that germinated, 390 plants displaying bm phenotype were identified and self‐pollinated after genotype analysis with SNP‐based markers.  Phenotype scoring was conducted three times, at days 29, 32, & 36 post‐planting, or between developmental stages V3‐V6 to ensure an accurate scoring of phenotypes. DNA Isolation was performed on leaf tissues from all 390 brown midrib plants using a 96‐Well Format, CTAB DNA Extraction Protocol (Dietrich et al., 2002; Fu et al., 2006).  
Genetic Mapping Markers The location of bm4 was originally viewed on MaizeGDB (Lawrence et al., 2008) using the IBM 2008 Neighbors 9 Map, which was then aligned to the ISU IBM 2009 Integrated Map (Liu et al., 2009) that contains thousands of markers, chosen for its higher density of markers within the mapping population’s genetic background (B73) that provided greater mapping resolution.  After syntenic alignment (Supplemental Material) of the two maps, flanking markers (IDP229 and IDP8246; 198.5 & 201.2cM, respectively, Fu et al., 2005) were chosen to define the mapping interval of bm4. Following syntenic interval selection, multiple markers (dominant and co‐dominant) within and surrounding our mapping interval were surveyed for genotyping using genomic DNA isolated from the homozygous bm4 mutant (Schnable Lab Ac#3251) from a self cross and DNA from the B73 inbred line. A pair of flanking TIDP markers (TIDP3210 and TIDP6527; 197.4 and 200.3 cM, respectively) was selected to genotype the newly defined mapping interval. 20bp sequence reads including the markers’ polymorphism sites were obtained (Fu et al., 2005) and used to design TaqMan® SNP‐typing assays. Comparative genomic hybridization (CGH) data obtained from Mo17 and B73 (Springer 
et al., 2009) was used to identify regions within the interval that exhibit sequence variation.  B73 sequence from these polymorphic areas was used to design IDP primers, 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which were then PCR‐tested for use as dominant markers using B73 and homozygous 
bm4 genomic DNA (Schnable Lab Ac#3251). 3/13 IDPs (IDPbm4‐4, IDPbm4‐12, and IDPbm4‐13) were informative across the interval and used in genotyping the population. Later, 8 additional markers (KASP412, KASP346, KASP000, KSP469, KASP316, KASP901, KASP695, and SNP219834) were designed from a set of SNPs between B73 & Mo17 sequence reads (Liu et al., 2010), giving preference to transversion type SNPs rather than transition within the interval, and all except SNP219834 were developed into KASPar allele‐specific genotyping assays (Cuppen, 2007). (Table 7, Table 8) One other marker was identified from within the interval, IDP4007, which came from a set of previously mapped markers (ISU IBM Map7) (Fu et al., 2005). (Table 8)  
Phenotyping and Genotyping of Mapping Population Planting 2 200 additional F2 kernels from the mapping population were planted in a greenhouse in December of 2009 in Ames, Iowa.  Leaf tissues for DNA isolation and genotyping were harvested from seedlings at 24 days after planting, or just as the phenotype began to appear on control plants.  Phenotyping scores were recorded at 32 and 38 days after planting and compared for validation.  DNA Isolation was performed on all 173/200 germinated seedlings using a 96‐Well Format, CTAB DNA Extraction Protocol (Dietrich et al., 2002; Fu et al., 2006). Genotypes of the 173 seedlings were obtained with scores from KASPar SNP‐based assays, using KASP412 and KASP00, which currently define the mapping interval.  Genotypes were called using a 384‐well Roche 454 Light‐cycler. Marker scores from genotyping revealed 3 recombinants, of which none displayed the bm4 phenotype. The 3 recombinants were self‐pollinated for later validation of allele inheritance amongst their progeny. 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3.2  Expression Analyses and Design 
qRT­PCR Expression Validation and Design Tissues for qRT‐PCR analysis were collected from population 2 at 43 days maturity. The 3rd youngest leaf was taken from 15 plants representing the 3 segregating genotypes within the population, according to their genotyping scores across the interval.  Midribs were isolated from all tissues while frozen with liquid nitrogen and powdered individually. Leaf tissue was also taken from one plant of each genotype to determine differential expression between midrib and leaf tissue types.  RNA samples were extracted using the Qiagen Protocol for Purification of Total RNA from Plant Cells & Tissues [Qiagen, Valencia, CA, no. 74903]. RNA extraction was followed by DNAse1 treatment using a Turbo‐DNA‐free™ kit and subsequently submitted to RNA cleanup using Qiagen’s RNA Cleanup protocol and RNeasy Mini Kit (QIAGEN). Samples were then reverse transcribed and prepped for RT‐PCR as per the methods of Swanson‐Wagner and colleagues (Swanson‐Wagner et al., 2006). The resulting cDNA samples were visualized via electrophoresis for the initial identification of differential transcript accumulation amongst genes within the interval. 2% agarose gels were loaded with 12ul of sample and ran at 130W. A 1:100 dilution of these samples was used for the subsequent qRT‐PCR analysis (below). Expression levels were measured for GRMZM2G092718 using a Stratagene Mx4000 (Stratagene, La Jolla, CA) quantitative PCR system with SYBR© Green probes for signal detection. Levels of a human gene (H2, GenBank Ac# AA418251) were also quantified as an external reference for data normalization (Fig. 4A). Eighteen samples were measured and they represented the 3 segregating genotypes (five samples each) from the mapping population: B73‐Bm4/B73‐Bm4, B73‐Bm4/bm4, and bm4/bm4, and one sample isolated from corresponding leaf tissue.  Quantification was done using the comparative CT method.  ΔCT values reported for samples were normalized using values obtained from the reference gene H2 and later averaged across each genotypes and 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tissues for a single expression value. No ΔCT values were reported for leaf tissues, as instrumentation failed to detect these in 2/3 genotype samples.   
mRNA Seq Analysis and Design Midrib tissues for mRNA expression analysis were collected at 41 days from 100 plants (of population 2) that had agreeing genotype and phenotype data. Of these 100 midribs collected, 50 were displaying bm phenotype and 50 were not.  Of the 50 wild‐type midribs collected, 25 had homozygous B73 genotypes and the other 25 had heterozygous B73/bm4 genotypes. Tissues were collected in a randomized design, taking only the second youngest leaf from each plant and were then immediately frozen in liquid nitrogen. While still frozen in liquid nitrogen, one inch midrib sections were taken from all samples and combined into two separate pools according to their phenotype and then powdered. Approximately 0.35 grams of this powdered tissue was taken from each pool and total RNA was then extracted as per the Qiagen protocol for Purification of Total RNA from Plant Cells & Tissues [QIAGEN,, no. 74903]. After RNA isolation was completed in three replicates for both wild‐type (green) midrib and brown midrib tissues, the six samples were subjected to DNAse treatment using the Turbo DNA‐free™ kit protocol (step 1 only), and subsequently followed by RNA‐cleanup using Qiagen’s RNA Cleanup protocol and RNeasy Mini Kit (QIAGEN).  Expression variance of RNA transcript levels between plants with wild‐type phenotype (both homozygous and heterozygous for the wild‐type allele, B73) and those with 
brown midrib phenotypes was detected with mRNA Sequencing. Of the six RNA samples from homogenized midrib tissues, two were sent for mRNA Sequence analysis; one sample from the wild‐type midribs and one from the brown midribs. Sample selection from each of the three replicates was done based on total RNA concentration and RNA quality. 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75‐cycle mRNA transcript reads for both wild‐type and mutant tissues were generated using Illumina’s GAII Sequencing technology (Illumina Inc., http://www.Illumina.com) at Iowa State University DNA Facility.  After sequencing, raw reads were compiled, trimmed (Liu et al., unpublished) and aligned to the B73 reference sequence (B73ref_v1, Schnable et al., 2009) using a GSNAP alignment (Wu & Watanabe, 2005). After alignment of trimmed reads was complete, the data were then visualized using JBrowse (Skinner et al., 2009) and DNAnexus software (DNAnexus; https://dnanexus.com/); both are portable genome browsers that allow for visualization of mapping positions, variant transcript accumulation, and detection of polymorphisms within mRNA Seq read data (Fig. 3). Pathway analysis of transcriptome data was performed by loading reads for unique hits from both the mutant and wild‐type samples into MapMan 3.5.0Beta (Thimm et al., 2004). (Supplemental Material)  
3.3  Efforts to Identify Additional bm4 Alleles  Three approaches were used in an effort to identify additional alleles of bm4.   
MAGIC   The first of the three approaches employed was MAGIC (mutant‐assisted gene identification and characterization, Johal et al., 2008).  MAGIC is used to identify naturally occurring allele variants from diverse germplasms. One challenge in using MAGIC is controlling for the segregation of modifier loci.  We controlled for this by conducting the MAGIC experiments in a genetic background that was substantially derived from B73.   The NAM RILs, which were derived from crosses of 25 diverse inbreds onto B73, generated by the Maize Molecular and Functional Diversity Project (Yu et al., 2008), were crossed onto plants that were homozygous or heterozygous for bm4 mutants. The 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NAM RILs had been genotyped with ~1,000 genetic markers by the Panzea group. We used these genotypes to identify NAM RILs from each of the 25 sub‐populations that carried the non‐B73 allele of Bm4.   Selected NAM RILs were crossed to homozygous bm4 mutants (Ac#3251 allele) and F1BC1 plants (B73‐Bm/bm4 x B73) that were heterozygous for bm4. The F1BC1 x NAM RIL crosses were generated to evaluate the various NAM‐derived Bm4 alleles in a more uniform and well‐characterized (B73) background. This crossing strategy was expected to reduce the impact of any genetic modifiers that may have been present in the genetic backgrounds of the NAM founders.  F1 progeny from both the NAM RIL x bm4/bm4 and the F1BC1 x NAM RIL crosses were grown in the same year and examined for the presence of brown midrib phenotypes (i.e., non‐complementation of the bm4 mutant).   
Directed Tagging with Ds The second approach, as described by Ahern and colleagues (Ahern et al., 2009) was aimed at inducing a mutation in the bm4 gene via the Ac/Ds transposon system. To accomplish this, a Ds allele (allele r­sc:m3, PlantGDB Barcode #B.S06.0558_JSR03, Genbank #FI599737, at 150,050,077 bp) ~6,372 bp upstream to bm4 was chosen from a collection of available Ds insertions.  This allele also confers a kernel phenotype in the presence of Ac. Also selected was a line, KA08‐252, containing 3 doses of Ac (Ac­Im), which would be crossed with the Ds line to activate transposition of the Ds element (Plant GDB, Duvick 
et al., 2008). After PCR verification of Ds insertions using site‐specific primers for B.S06.0558, those confirmed for presence of Ds were crossed by the Ac‐Im tester to generate a line with an active Ac/Ds system. The following season, spotted seeds generated from these crosses  (indicating the presence of both Ac & Ds) were chosen and sown. The presence of Ds in this generation of plants was again verified via PCR amplification/gel electrophoresis. Those plants containing Ds were then crossed onto bm4 homozygous tester (Schnable 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Lab Ac#3251), thus generating the screening population.   
Directed Tagging with Mu Thirdly, another mutant screening population was created. This F2 screening population was created using both B70 and Q60 tester lines with the presence of 
Mutator by bm4 homozygous mutant testers (Schnable Lab Ac#3251‐3253). F2 kernels generated from these crosses were to be grown in the summer of 2010 and screened for any plants exhibiting mu‐induced brown midrib phenotypes, however due to deer damage, the crosses had to be regenerated and will be screened in the summer of 2011.  
Complementation Testing and Sequencing  The final approach used in searching for an alternate bm4 allele is complementation or allelism‐test. Four bm4 seed sources (Schnable Lab Ac#s: 4100‐4103) were ordered in 2010 from the Maize COOP Stock Center. Seeds from these 4 independent bm4 sources were grown alongside 2 other sources of 
bm4, which had previously been subjected to complementation tests and were shown to be non‐complementary to each other (Schnable Lab Ac#s: 3251 and 3253).  F1 testcrosses were made for all bm4 accessions displaying phenotype by crossing old accessions (3251 and 3253) by the new accessions (4100‐4103). Their progeny will be grown the following year to verify that non‐complementation occurs with correct ratios to verify that each accession is indeed a bm4 mutant and does not represent an alternate allele.  Tissues were sampled and DNA isolation performed on all progeny of the new bm4 accessions. PCR amplification of DNA from each accession was done with primers designed to flank 1 Kb amplicons surrounding the candidate gene, GRMZM092718 (Fig. 2). After verification of DNA amplification, purification of samples was done with the Qiagen MinElute PCR Purification protocol [QIAGEN (Valencia, CA), no. 28106]. DNA 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from all bm4 seed sources, and primers for the candidate gene GRMZM092718 were sent to the Iowa State University DNA Technology Facility for sequencing using an Applied Biosystems 3730xl DNA Analyzer.  
3.4  Characterization of bm4 Accessions 
Comparative Lignin Staining Sections of midrib from each bm4 accession were stained with both phluoroglucinol (Weisner reaction) and Mäule (Nakano & Meshitsuka, 1992; Dean, 1997) to detect the presence of lignin.  Midrib sections used for comparative staining were harvested from adult plants at physiological maturity. The leaf just below the primary ear was removed from the plant by cutting it at the base where the leaf attaches to the stalk. Thin cross‐sections were removed from the midrib ~10‐15 centimeters up from the base of the leaf using a stainless steel razor blade. Stained sections were visualized with light microscopy using a Nikon Eclipse E800 with 20X magnification. Using the phluoroglucinol method, total lignins are visualized by a wine‐red color (Zhong et al., 2000). The Mäule staining method is specific for visualizing S‐lignins only, which also stain a wine‐red color (Chen et al., 2002) (Fig. 5).  LITERATURE CITED Ahern, K.R., Deewatthanawong, P., Schares, J., Muszynski, M., Weeks, R., Vollbrecht, E., Duvick, J., Brendel, V.P., Brutnell, T.P. (2009) Regional mutagenesis using 
Dissociation in maize. Methods 49: 248‐254.  Chen, L., Auh, C., Chen, F., Cheng, X., Aljoe, H., Dixon, R.A., Wang, Z. (2002) Lignin  deposition and associated changes in anatomy, enzyme activity, gene expression, and ruminal degradability in stems of tall fescue at different developmental stages. Journal of Agricultural and Food Chemistry 50: 5558‐5565. Cuppen, E. (2007) Genotyping by Allele‐Specific Amplification (KASPar). Cold Spring 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Harbor Protocol: doi:10.1101/pdb.prot4841 Dean, J.F.D. (1997) Lignin Detection. In Dashek, W.V., ed, Methods in Plant Biochemistry 
and Molecular Biology; CRC Press LLC, USA, pp 200‐202. Dietrich, C.R., Cui, F., Packila, M.L., Li, J., Ashlock, D.A., Nikolau, B.J., Schnable, P.S. (2002) Maize Mu transposons are targeted to the 5’ untranslated region of the gl8 gene and sequences 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CHAPTER 4.  RESULTS  The brown midrib4 mutant of maize was selected in this study as its phenotype suggests that it is likely involved in the pathway responsible for production of lignin within cell walls (Andersen et al., 2008, Vermerris et al., 2010).  Both gene‐specific (qRT‐PCR) and global (mRNA Seq) gene expression patterns were analyzed from a self‐pollinated F1 mapping population of B73 x bm4, as it would be possible to analyze expression of the 
bm4 allele amongst the 3 segregating genotypes. B73 was used as a parent in the cross because its genome has been sequenced (Schnable et al., 2009) and a large number of markers are readily available for mapping populations within this background, which was crucial in fine‐mapping of the bm4 interval.  
4.1  Fine­Mapping of the bm4 Allele After syntenic alignment and subsequent marker selection, the bm4 gene was positioned within a 2.7 cM, 517,782 bp, interval defined by the genetic markers IDP229 (198.5cM, 150,277,447 bp) and IDP8246 (201.2cM, 150,795,229 bp) on the long arm of chromosome 9 (Supplemental Material). To facilitate efficient high‐throughput genotyping, two co‐dominant TIDP markers TIDP3210 (197.4cM, 150,008,155bp) and TIDP6527 (200.3cM, 151,009,379bp) near these IDPs were selected and converted into Taqman© genotyping assays, SNPT3210 and SNPT6527, respectively.   
Mapping Population 1 To map this gene to a higher resolution bm4 mutants segregating in an F2 population (mapping population planting 1, Materials and Methods) were genotyped with markers SNPT3210 and SNPT6527. A cross was made between bm4/bm4 and B73 and the F1 progeny were selfed to create an F2 population. The first planting of this population 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consisted of 2,508 individuals, which included 390 bm4 mutants (Materials and Methods). Twenty of the 390 bm4 plants were recombinant for markers SNPT3210 and SNPT6527. These recombinants were analyzed with 14 interval‐spanning markers (Methods), including flanking Taqman© markers. Analysis of the mapping scores obtained from these 20 bm4 mutants defined a new interval of 167,588 bp, flanked by markers KASP412 (150,073,412 bp) & KASP000 (150,241,000 bp) (Fig. 1). See Materials and Methods for detailed marker development and survey data.  
Mapping Population 2 The subsequent genotyping of an additional 200 F2 plants (mapping population planting 2, Methods) from the same background as the mapping population using the genetic markers KASP412 and KASP000 identified three additional recombinants (09B‐250‐8, 09B‐251‐9, and 09B‐259‐7). These recombinants did not, however, display the 
bm4 phenotype. Fine‐mapping of the recombinants, using markers KASP412, IDPbm4‐4, KASP346, IDPbm4‐12, and KASP000, revealed recombination breakpoints left‐of‐center within this mapping interval. As these recombinants did not exhibit the bm4 phenotype, these results indicate that bm4 likely resides to the right of the recombination breakpoints at the mapping marker IDPbm4‐4 (150,114,214 bp) (Fig. 1). F3 progeny from self‐pollinations of these 3 recombinants were grown to verify phenotype segregations. Only one of the 3 recombinants (09B‐250‐8) yielded a single 
brown midrib plant out of the 2/24 plants that germinated, giving a (1:1) WT:bm phenotypic ratio. The other 2 recombinants, (09B‐251‐9 and 09B‐259‐7) yielded no 
brown midrib plants amongst their progeny. However, due to poor germination rates, 25% and 17% respectively, sound conclusions could not be made regarding their segregation ratios and hence genotypes. Additional progeny from these 3 recombinants are being grown in a greenhouse in hope of achieving better germination rates and thus will provide more accurate representations of phenotypic ratios.  A genome analysis of B73 sequence (B73ref_v1) using UC‐Berkeley’s CoGe Genome Viewing tool (Lyons & Freeling, 2008) revealed 10 genes within the 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KASP412/KASP000, 167,588bp, mapping interval. Combining fine‐mapping data from the 3 additional recombinants narrowed this interval further to IDPbm4‐4/KASP000 (126,786bp) resulted in the removal of 2 of these genes (GRMZM2G092741 and GRMZM2G092723) (Fig. 1). Annotations were obtained for each of the remaining 8 genes from within the refined 126,786bp interval from http://www.maizesequence.org (Fig.1).  
4.2  Expression Analyses and Validation 
qRT­PCR Analysis Initial PCR analysis (Methods) of cDNA obtained using gene‐specific primers for the 10 genes within the (KASP412/KASP000 (167,588bp) mapping interval revealed variant expression between wild‐type and mutant tissues for only one (GRMZM2G092718 ) of the 10 genes (Fig. 3). qRT‐PCR quantification of transcript levels were measured for this gene from midrib tissues and revealed a 22% decrease in normalized CT values for homozygous wild‐type as compared to those of a homozygous mutant genotype. Heterozygote transcript accumulation is of an intermediate value, showing a 14% decrease as compared to homozygous mutant CT values (Fig. 4B). As lower CT values indicate a higher abundance of transcripts, the homozygous mutant sample contained the lowest expression values from this gene (GRMZM2G092718), and transcript accumulation increased with increasing number of wild‐type alleles present in the sample. This gene GRMZM2G092718 is still partially included (418/1282bp) in the refined mapping interval (IDPbm4‐4 thru KASP000; 126,786bp), and therefore was still considered as a possible bm4 candidate gene (Fig. 1).   
PCR Screening and Sequencing of GRMZM2G092718 To check for sequence anomalies between wild‐type and mutants within and flanking GRMZM2G092718, PCR primers were designed from the B73 sequence (B73ref_v1) for 8 amplicons spanning a cumulative region of 8,105bp (150,110,334‐150,118,449) and 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PCR‐tested using B73 DNA as a control along with 6 accessions of bm4 homozygous stock. Results for this sequence scan of GRMZM2G092718 and flanking regions revealed a 236bp deletion 1,264bp downstream of the gene (Fig. 2).  
mRNA Seq Analysis To further test for differential expression of the 8 candidate genes within the mapping interval, as well as genome‐wide transcriptome profile, mRNA Seq was conducted on wild‐type and mutant midrib tissues (Materials and Methods). A total of 26,350,617 raw reads were obtained from the wild‐type sample and 26,742,870 raw reads from the mutant sample. Unique alignments to the B73 reference genome (B73ref_v1, Schnable 
et al., 2009) were obtained using GSNAP software (Wu & Watanabe, 2005) for 71% (17,962,878) of the reads from the mutant sample and 68% (15,699,579) of the reads from the wild‐type sample  (Liu et al., unpublished data). The combination of wild‐type and mutant reads aligned to 15,238 genes in the Filtered Gene Set 4a.53 (http://www.maizesequence.org/; Table 3). Of these genes, 11.3% (1,724) exhibited differential expression (q‐value<0.05 and fold‐change > 2) between the wild‐type and mutant samples. A greater number of differentially expressed (DE) genes were up‐regulated (N=1,021) as compared to those that were down‐regulated (N=111) (q‐value<0.001, Log2fc<‐0.8 and >+0.8, respectively). None of the 8 genes located within the refined (126,786bp) bm4 confidence interval exhibited fold‐changes of > 2, however, 4 exhibited transcript accumulation of > 40 reads (Table 2). Of these four genes, three (GRMZM2G393334, GRMZM2G092545, and GRMZM2G037193) have significant q values for differential transcript accumulation between the wild‐type and mutant samples tested in the mRNA Seq analysis (Liu et al., unpublished data; Table 2).   Of the 3 genes exhibiting statistically significant differential transcript accumulation, the greatest fold change was observed for GRMZM2G393334, with nearly twice (1.93x) the amount of transcript accumulation in wild‐type tissues as compared to mutant tissues. Transcript levels for GRMZM2G092718 (the candidate gene identified as differentially expressed in qRT‐PCR experiments) did not appear within the list of genes 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with 40 or more transcript reads from the mRNA Seq experiment (Liu et al., unpublished data). Fold changes in expression values for other 2 genes (GRMZM2G092545 and GRMZM2G037193) exhibiting statistically significant differential transcript accumulation are 1.15x and 1.72x, respectively. A search for annotations of these genes revealed that they are uncharacterized in maize, however they have orthologous functions in Arabidopsis thaliana for: A/B Barrel domains thought to function in stress responses (GRMZM2G092545) and also in peptidoglycan‐binding thought to be involved in cell wall catabolic processes (GRMZM2G037193)(http://www.maizesequence.org/, Fig. 1). Visualizing read polymorphisms using the DNAnexus genomic browser utility (DNAnexus, https://dnanexus.com) allowed for the detection of polymorphisms between bm4 mutant and wild‐type reads for the 4/8 candidate genes with > 40 reads (Table 4).  Pathway Analysis using MapMan software (Thimm et al., 2004) revealed that the greatest numbers of up‐regulated genes (genome‐wide) involved processes such as: cell wall degradation, proteins biosynthesis, phenylpropanoid and phenolic metabolism, flavonoid and terpene metabolism, starch degradation, and amino acid synthesis. Pathways with the most down‐regulated genes included: light reactions, photorespiration, metabolism of isoprenoids, and C‐1 metabolism (including candidate gene GRMZM2G393334). (Supplemental Material)  
4.3  Efforts to Identify Additional bm4 Alleles Several approaches were undertaken to identify additional alleles of bm4.  Unfortunately none have yet proven fruitful. 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Testcrosses Generated No plants that exhibited the bm4 phenotype were identified in testcross progeny from any of the MAGIC crosses.  Unfortunately, all progeny resulting from (Ac/Ds x bm4/bm4) test‐crosses were lost due to bird damage at the seedling stage. Additional test‐crosses were repeated in the summer of 2010 and will be screened in the 2011 summer field season. All F1 progeny of Mutator test‐crosses (B70‐Mu or Q60‐Mu  x  bm4/bm4) were eaten by deer before harvest was completed. These test‐crosses were also repeated in the summer of 2010 and will be screened during the 2011 summer field season. F1 Progeny of complementation testcrosses (bm4 accessionX x bm4 accessionY) were generated for each of the bm4 accessions from the Maize COOP Stock Center and these will also be screened during the 2011 summer field season. DNA from each of the 7 accessions of bm4 was surveyed for allelic comparison by PCR amplification of 1Kb fragments which flank and span the qRT‐PCR‐identified candidate gene, GRMZM2G092718. There were no amplification differences among mutant DNA samples. There was a 236bp size difference between wild‐type (B73) and mutant (bm4) amplicons for all bm4 accessions downstream of GRMZM2G92718 at the location (150,116,342 ‐ 150,116,578 bp). Sequence comparisons of bm4 and B73 DNA within the frame of amplicon #4 confirmed the 236bp deletion in each of the bm4 accessions, as compared to wild‐type B73 sequence (Fig. 2). Subsequent PCR amplification of this genetic region using amplicon #4 primers and genomic DNA from NAM founders showed that this deletion was not specific to bm4 genotypes.   
4.4  Characterization of bm4 Accessions 
Differential Staining of Lignin Content in Midribs Differential staining of lignin within bm4 and B73 midrib sections was done to survey for differences in lignin content and composition between wild‐type and mutant midrib 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tissues as well as between the individual mutant bm4 accessions. The images of the stained midribs indicate a theme of an overall decrease in the lignin content of the mutant midribs as compared to the wild‐type, visualized by decreases in the intensity of red‐stained tissues of the mutant samples. Also noted are slight differences in schlerencyma cell thickness along the edge of the rib sections and surrounding the vascular bundles of the homozygous mutants, as is echoed from similar work done by Vermerris and colleagues (Vermerris et al., 2010; Fig. 5).  LITERATURE CITED Andersen, J.R., Zein, I., Wenzel, G., Darnhofer, B., Eder, J., Ouzunova, M., Lübberstedt, T.  (2008) Characterization of phenylpropanoid pathway genes within European maize (Zea mays L.) inbreds. BioMed Central Plant Biology 8(2). DNAnexus Inc. (13 Nov 2010) Sequence Variation Detection. Retrieved from  (https://dnanexus.com/features/researcher/variation/). Accessed 13, November 2010. Liu, S., et al. (2010) unpublished  Lyons, E. and Freeling, M. (2008) How to usefully compare homologous plant genes and chromosomes as DNA sequences. The Plant Journal 53(4): 661‐673. Maize Sequence (Oct 2009) Maize Sequence Browser. Retrieved from (http://www.maizesequence.org/). Accessed 12, November 2010. Schnable, P.S., et al. (2009) The B73 maize genome: complexity, diversity, and dynamics. Science 326(5956): 1112‐1115.  Thimm, O., Bläsing, O., Gibon, Y., Nagel, A., Meyer, S., Krüger, P., Selbig, J., Müller, L., Rhee, S.Y., Stitt, M. (2004) MAPMAN: a user‐driven tool to display genomics data sets onto diagrams of metabolic pathways and other biological processes. The Plant Journal 37: 914‐939. 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CHAPTER 5.  DISCUSSION AND CONCLUSIONS  DISCUSSION It was possible to narrow down the bm4 mapping interval to a set of 8 candidate genes, via a fine‐mapping approach. mRNA Seq and qRT‐PCR analyses allowed for detection of gene expression differences, and comparative lignin staining of midrib tissues allowed for visualization of the bm4 phenotype in different genetic backgrounds. Evaluation of the bm4 phenotype in different genetic backgrounds using phluoroglucinol and mäule staining methods revealed slight differences in lignin composition and content between the mutant accessions and also between mutant and wild‐type genotypes (Fig. 5). This is consistent with previous analyses between bm4 and wild‐type midrib tissues (Vermerris et al., 2010). This serves as a reminder that compositional studies of bm4 mutants in different backgrounds could easily lead to different conclusions as to the function of the mutation underlying its phenotype (Marita et al., 2003). DNA sequence comparison of the bm4 accessions and wild‐type B73 showed a 236bp deletion beginning at 150,116,342bp, which lies 1,264bp downstream of GRMZM092718, and 13,227bp upstream of GRMZM2G393334. Although the deletion was found in bm4 DNA sequences and not in B73, it was not specific to bm4 mutants, as it was also observed in (non‐bm4) NAM founder inbreds.  qRT‐PCR is useful in evaluating expression levels in candidate gene analyses, however, it is limited in regards to the number of genes that can be analyzed per run and has upper‐limits to transcript quantification due to availability of reaction components (Wang et al., 2009).  CT values for GRMZM2092718 showed a decreased abundance of transcripts in mutant tissues as compared to those of wild‐type, confirming results visualized prior in gel photos of cDNA PCR products for this gene (Fig. 4B).  Annotation search results for GRMZM2092718 did not provide a characterized gene or gene 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function in maize.  However, its sequence has (63%) homology with reported heavy metal associated genes in Arabidopsis, such as those involved in metal‐ion transport (http://www.maizesequence.org; Fig. 1).  GRMZM2092718 was selected for qRT‐PCR analysis because it showed the greatest differential transcript accumulation between mutant and wild‐type RT reaction samples among the 10 genes under analysis at the time. As this assay is limited to confirming presence or absence of cDNA amplification products and is not quantitative, the gene with greatest fold changes in expression values, GRMZM2G393334, within the interval was missed for qRT‐PCR analysis.  Analysis of mRNA Seq data (Liu et al., unpublished) revealed transcript accumulation of > 40 reads (combined from WT and bm4 midrib tissues) for 4/8 candidate genes within the refined mapping interval (Table 2).  These levels of transcript accumulation were not observed for GRMZM2G092718 in wild‐type and bm4 midrib tissues as qRT‐PCR results suggested it might.  The low levels of transcript accumulation for this gene in combination with the fact that only 418/1282 bp of it remain within the refined interval indicates that GRMZM2G092718 is not likely bm4.  Fishers Exact Test (FET) was used to define significance values for expression differences amongst samples (Liu et al., unpublished) and although none of the 4 genes (with >40reads) exhibited fold changes of expression >2 (cutoff value used in defining numbers of genome‐wide DE genes), FET results indicate 3 of these 4 genes exhibit significant differential expression values (Table 2). This high ratio of DE genes within the interval could be due to technical or biological variation amongst samples not accounted for by FET. Of the 3 significantly differentially expressed genes within the interval, the greatest fold change (1.92x) was observed for GRMZM2G393334, which encodes the enzyme tetrahydrofolylpolyglutamate synthase (FPGS).  The FPGS enzyme function has a well defined role in the one‐carbon (C‐1) metabolism of plants and is specific in catalyzing the reaction of [ATP + tetrahydrofolyl‐(Glu)(n) + L‐glutamate = ADP + phosphate + tetrahydrofolyl‐(Glu)(n+1)] (GO browser of Gene Ontology Database, http://www.maziesequence.org). Specifically, FPGS is responsible 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for catalyzing the attachment of glutamate residues to folate molecules. In plants such as Arabidopsis, there exist three FPGS isoforms, specific to the cytosol, chloroplasts, and mitochondria; each encoded by separate genes (Ravanel et al., 2001). C1 reactions are also necessary in folate metabolism, glyoxylate and methionine synthesis (Hanson & Roje, 2001), the inter‐conversions of glycine and serine (Ravanel 
et al., 2001), and are also central to photorespiration (Igamberdiev et al., 1999) and compartmentalization of folate metabolites (Rebeille et al., 1999). C1 reactions in organisms are present in tissues producing secondary metabolites such as lignin and other methylated molecules i.e., alkaloids and betaines (Hanson & Roje, 2001, reviewed by Basset et al., 2003). Although Hanson and Roje (2001) do not offer specifics as to how C1 metabolism affects lignin accumulation or composition other than by stating that lignin is “methyl rich”, it appears to be the only published evidence linking the function of GRMZM2G393334 with the bm4 phenotype.  Pathway analysis of mRNA Seq data (gene hits with >40 reads) using MapMan software revealed metabolic processes affected in bm4 mutants as a result of the down or up regulation of the differential expression of genes within their pathways (Supplemental Material). Overall a large portion of up‐regulated genes appear to be involved in pathways that are linked to cell wall biosynthesis and phenylpropanoid metabolism, which are likely to directly affect lignin composition and biosynthesis.  Down regulated genes are involved in energy acquisition such as light reactions and photorespiration. Also down‐regulated is a gene involved in the metabolism of isoprenoids (carbon monomers) and GRMZM2G393334, which encodes FPGS.  Interestingly, in a review of C‐1 metabolism in plants, Igamberdiev et al. state that folylpolyglutamates function to enhance the channeling of folate‐intermediates to the active sites of their respective sequential enzymes. Also, the authors suggest that this stress‐induced pathway, involving formate metabolism and folylpolyglutamates is likely connected with pathways leading to the production of isoprenoids (Igamberdiev et al., 1999). 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Given that both FPGS and a gene involved in isoprenoid metabolism were identified as differentially down‐regulated in an analysis of mRNA Seq data using MapMan, this offers support in the speculation that polymorphisms in FPGS might provide differential expression patterns similar to those seen in our transcriptome analyses. Through sequence analysis of mRNA Seq generated reads, the greatest number of polymorphisms were identified in coding regions of this candidate gene as compared to the other 7 genes within the interval (Table 4). Mutations that affect FPGS have been characterized in many species such as: E. coli (Bognar et al., 1985, 1987), Corynebacterium (Shane, 1980a), L. casei (Bognar and Shane, 1983), O. sativa (Anukul et al., 2009), S. cerevisiae (Cherest et al., 2000) and A. 
thaliana (Ravanel et al., 2001). These mutations affecting FPGS can result in a range of depressed growth rates and auxotrophies for C1 metabolic products such as: methionine and AdoMet, purine, thymidine, glycine, polyglutamates and varying abilities of folate retention; (Cherest et al., 2000; Cossins & Chen, 1997; reviewed by Ravanel et al., 2001; Rebeille et al., 2006; reviewed by Shane, 1989). However, no brown 
midrib or vascular phenotypes have yet been reported in any of the characterized FPGS mutant plants (Oryza and Arabidopsis), which may be due to different manifestations of the mutant phenotype. Shane (1989) suggests that folate binding is likely affected by mutations in FPGS, leading to an interference in binding and retention of folate derivatives due to steric effects, which may cause inappropriate positioning for catalysis (reviewed by Shane, 1989). In a study on FPGS mutations in A. thaliana, alignment homologous cDNAs from 4 FPGS homologs led to the characterization of 3 distinct domains within the enzyme. The first being the N‐terminus portion, was suggested to be responsible for organelle targeting. The second region was characterized by a GTKGKGS motif, or P‐loop, involved in binding of ATP and Mg2+, and the 3rd region, or C‐terminal domain of the enzyme was proposed to be the site of H4F (tetrahydrofolate) binding (Ravanel et al., 2001). 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CONCLUSIONS As our FPGS sequence analysis in bm4 mutants revealed multiple exonic polymorphisms, it is possible that these mutations result in disrupted protein folding or interfere with the binding of its substrates (Table 4). As knock‐out mutants for the candidate gene GRMZM2G393334 have not yet been generated, it cannot be said for certain that GRMZM2G393334 is conclusively bm4. Therefore, it is possible that one of the other candidate genes within the refined interval is responsible for the bm4 phenotype. Annotations of these genes suggest their roles in intra‐cellular protein transport (GRMZM2G092741), nucleotide binding (GRMZM2G092723), stress responses (GRMZM2G092545), DNA methylation (GRMZM2G092497), and also in cell wall catabolic processes (GRMZM2G037193), all of which could experience expression pattern variations by a mutation in the candidate gene, GRMZM2G393334 (FPGS). Recognizing the interconnection of these pathways, as well that of others, i.e., photorespiration, methionine synthesis, DNA methylation, stress responses, and intra‐cellular transport, with respect to C‐1 carbon metabolism in plants, it is hypothesized that: differential expression and down‐regulation of the FPGS gene in bm4 mutants likely leads to perturbations in the biosynthesis of C‐1 secondary metabolites such as AdoMet, which are necessary intermediate substrates in the synthesis of carbon‐based molecules, namely lignin (Bhuiya & Liu, 2010); somehow in‐turn leading to the appearance of the brown midrib phenotype in these plants. Although an alternate allele for the bm4 interval has not yet been discovered, progeny from allelism and transposon‐induced testcrosses will likely yield additional alternate allele(s), providing more insight into which gene(s) underlie and specifically, what sequence is affected in bm4 mutants. 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APPENDIX A.  FIGURES 
 
   
FIGURE 1  Candidate genes within the refined bm4 confidence interval and their respective positions. Included are orthologs for each of the genes and their annotated functions. The gene display used in this figure was created using Berkeley’s CoGe Genome Viewer (http://synteny.cnr.berkeley.edu/CoGe/GenomeView/) and orthologs and their annotations were provided by (http://www.maizesequence.org/).    
FIGURE 1 
 
Genes Within the bm4 Refined Confidence Interval 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FIGURE 2  PCR amplification of candidate gene GRMZM092718 region using several amplicons designed to span the gene region. Highlighted in a bracketed box are the PCR size results for Amplicon #4, which illustrate a 236bp size difference seen between control (B73) bands and mutant (bm4 Accessions) bands. Amplicon #4 primers were later used to sequence all listed brown midrib4 accessions as well as the B73 control; verifying the deletion. The gene display used in this figure was created using Berkeley’s CoGe Genome Viewer (http://synteny.cnr.berkeley.edu/CoGe/GenomeView/).  
FIGURE 2 
 
236 bp Deletion Flanking Candidate Gene GRMZM2G092718 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FIGURE 3  This figure illustrates transcript presence and accumulation for candidate genes within the refined bm4 confidence interval. Gel photos in the left‐hand column show PCR‐amplified, gene‐specific bands, which are cDNA products of the 6 individual samples of either heterozygous WT (09‐1651‐1, 09‐1681‐3, & 09‐1681‐6) or homozygous bm4 (09‐9131A‐1, 09‐9131A‐2, & 09‐9131A‐3) midrib tissues used in qRT‐PCR analysis. The right‐hand column illustrates transcript accumulation for each of the candidate genes. mRNA Seq reads from individual pools of 50 WT midribs and 50 bm4 midribs were trimmed and uploaded to (JBrowse, http://www.jbrowse.org/) provide read alignments and illustrations. The red peaks represent levels of transcript accumulation and the blue bars at the base of the peaks represent the linear gene model. No visible peaks indicates no detectable transcript accumulation.  
FIGURE 3 
 
Transcript Presence and Accumulation of Candidate Genes from Within the 
Refined bm4 Confidence Interval 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FIGURE 4 
 
qRT PCR Expression Results for Candidate Gene GRMZM2G092718 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FIGURE 5 
 
Differential Lignin Staining of bm4 and B73 Midribs 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FIGURE 5 
 
Continued 
Phloroglucinol 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FIGURE 5 
 Differential staining for lignin using Phloroglucinol and Mäule staining methods. Pictures show thin, cross‐sections of stained midribs. There are seven different 
brown midrib4 accessions from the Maize COOP Center, as well as a B73 line to serve as a control. One bm4 accession, Ac#4102, did not show the bm4 phenotype in our plantings, and is thereby displayed next to the B73 control stains. Sectioning and imaging were done in cooperation with Ms. Marianne Smith. 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TABLE 2 
 
Fold Change Values for Genes Within the Refined bm4 Interval With > 40 
Transcript Reads 
            
TABLE 2 
 mRNA Seq reads were trimmed and then counted according to their GSNAP alignments with maize gene models. The table shows candidate genes within the refined bm4 confidence interval that have > 40 reads for each mutant and wild‐type samples. Fold changes are displayed for each gene with the greatest fold change reported for GRMZM2G393334. Data provided by Dr. Sanzhen Liu. 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TABLE 3 
 
GSNAP Alignment Summary                               
TABLE 3  mRNA Seq reads were aligned to maize gene models in the (B73ref_v1) using the GSNAP alignment tool (Wu & Watanabe, 2005). Less than 2 mismatches across 36 bp were allowed and only reads that uniquely mapped to gene models in the Filtered Gene Set 4a.53 (http://www.maizesequence.org/) were used in calculating the number of unique alignments. Data and analysis provided by Dr. Sanzhen Liu. 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